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Charge asymmetry in the brane world and the formation of charged black holes
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In theories with an infinite extra dimension, free particles localized on the brane can leak out to the extra
space. We argue that if there were color confinement in the bulk, electrons would be more able to escape than
quarks and protongvhich are composed staje3 hus, this process generates an electric charge asymmetry on
brane matter densities. A primordial charge asymmetry during the big bang nucleosynthesis era is predicted.
We use current bounds on this and on electron disappearance to constrain the parameter space of these models.
Although the generated asymmetry is generically small, it could be particularly enhanced on large densities as
in astrophysical objects, such as massive stars. We suggest the possibility that such an accumulation of charge
may be linked, upon supernova collapse, to the formation of a charged black hole and the generation of
gamma-ray bursts.
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Extra dimensions could exist in nature and yet remaingraviton that mediates the standard four-dimensional gravity
hidden to current experiments. Motivated by the old ideas ofnteraction. Bulk modes exchange induces on the brane de-
Kaluza and Klein and modern string theory the belief hasviations from the four-dimensional Newton’s law of gravity
been that such extra dimensions should be compact. Renly at distances smaller than *. Recent experiments that
cently, however, the possibility has been suggested that sudtave tested gravity down to millimetefg] require thatk
extra dimensions can be rather infinite—3] and still be =103 eV, which meansv, =10 GeV.
hidden from our eyes. The explanation of why it is so comes \assless scalar fields on the RS background have a simi-
from the concept of localization of particld$—6] in a |3 spectrum, and so a bound state {8% Localization of

higher dimensional spacéhe bulk around a fixed point that - fermjons also takes place provided one has a domain wall on
defines a four-dimensional hypersurfatee brang Thus, at o background3,5,9. Finally, localization of gauge par-

lgw e”?fgy'l ?bﬁjervzd .parflcles I‘.NOltJ.ld befh;ye Just as four'Eicles is also possibl¢6,10]. However, according to Ref.
g?:sé?lnzve'e diri.enssicl)rgglet;?grlizea;Ic\)/Cthe l?lescsgc?lilc:o%pn 0], which we will follow hereon, this needs the existence
P g f more extra flat dimensions compactified to small raii,

32?06 igklg‘ivend byd the dRazmdaIIr-]SunerrerS) metric [%& ~M, . In such a setup there is a localized zero mode gauge
=e “Vip, dx*dx’—dys, where the paramete * -
relates the fundamental five-dimensional gravity sddle boson, which alone satisfies the 4D Gauss law. Bulk modes

with the now effective Planck scaleMp~10Y GeV introduce small corrections at short distances, though. The
throughM3 =k M2 . introduction of more compact dimensions, nevertheless, does
The abéve meF;ric induces an effective potential for gravi-nOt affect the model of localization of matter fields since all

tons that has the form of a volcano barr[@] around the ~heavy modes, associated with the compact space, shall al-

brane (located aty=0). The corresponding spectrum of Ways be integrated out from the theory.

gravitational perturbations has a massless bound state local- True localization, however, takes place only for massless

ized at the brane and a continuum of bulk modes with supfields [9,11]. In the massive case the bound state becomes

pressed couplings to brane fields. The bound state is the trugetastable and able to leak into the extra space. Such a pro-
cess appears as an apparent source for the violation of con-
servation laws in the effective four-dimensional world. The

*Email address: herman@ictp.trieste.it associated escape rate can be calculated in specific models
"Email address: apennafi@ictp.trieste.it for localization of free field$9]. Other interactions may also
*Email address: aplorenz@ictp.triste. it affect the escape rate by trying to keep the particles on the
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brane. This happens to quarks, provided there is confinemegtl massmy=(1—k/2 v) u. The imaginary part omm re-

in color interactions along all dimensiofs0]. flects the metastable nature of the stéités then interpreted
As we argue in this paper, in such a scenario the overaljs the “life time” of the particle, from the brane point of
effect would be the generation of a tiny electric charge asymgig,y,.

metry, due to the escaping of electrons, which may be accu- | the case whereny<k<u the probability for escaping
mulated on large brane matter densities, for instance, out Ofoes asT" = mo- (My/2K)2/ L. {m/[T(v/k+ 1)]2}. This

the matter asymmetry on the early Universe. Current bound i o be th tint " . di
on electron disappearance and on charge asymmetry durir?gse will prove fo b€ the most Interesting one in our discus-
: sion below. By takingk>m,=5.11x10"*% GeV, we state
the big bang nucleosynthe<iBBN) era can then be used to _ . dels wh |1;I 102 Gev Th’ h ¢
constrain the parameters of the model. We suggest that thig!" mt_erest In Mo eﬁ w g *T) db eh. e theory o - th
mechanism could account for the formation of charged blaclgscapmfg hmatterﬁ t L_’Sh escribed by three pz.iramdetﬁrs. the
holes (BH’s), for instance, after a supernova collapse. One][nass ort el part:c ano, the vacu_umhparametew,, and the
possible implication of this would be the triggering of lundamental scaléM, , encoded in the parameter
gamma-ray bursts from vacuum polarization as proposed in For charged particles, they are lost into the bulk account
Ref. [12] for an apparent violation of the conservation of chart@),
Particle leakage and generation of charge asymmedmy S for instance through the process— nothing. The pic-
the models under consideration massive fields are actualfy/re iS intrinsically a higher dimensional problem, and so,
metastable states. This happens because the mass lifts figir-dimensional Gauss law is no longer valid, though cau-
bound state on the spectrum, whereas the continuum ¢lity is conserved. In fact, a particle moving with a trajec-
modes remains unaffected, and thus, our formerly localize#ory perpendicular to the brane follows the world linyt)
mode turns out to be no longer the lightest state. Indeeds In(1+k??)/2k. It can be seen as a charged current which
there would be a nonzero probability for the escaping ofinduces an electromagnetic field on the brane that dies away
brane fields into the bulf9,10]. One can check this by con- causally with time[10]. Indeed, out of the light cone|r{
sidering the localization mechanism of a massive fermion >t) the Coulomb potential of the charge remaimk(r)
VrYe stresfshtha_t the fOHIT’W'ng argumentsdQO not preclude the. 1 \yhereas deep in the light cone the electric field gradu-
theory of having small extra compact dimensions. SO'. ou'éllly disappears aB~r/t3. This problem has a gravitational
results are consistent with the localization of gauge fleldsa —
. -~ analogous studied in Refgl1,13.
[10]. To be clear, we remind the reader how the localization ; . ; . .
While escaping away is certainly possible for fundamen-

of the photon works. In the presence pextra flat dimen- tal particles, it is not so simple for composed states. These do

sions, with coordinate®,, the action for a photon gauge tpl K ’ f the b P hpl " L th

field, truncated at the zero mode level @f has the form O €@k awayirom ne brane as a wno'e so easily since this
needs the simultaneous leakage of all components, which

~_ 1 4 —knly| v . ! - ;
Sy _4fd xdye F ke +(heavy mpdes). Hence th_e_substantlally reduces the escaping probability. For instance,
truly y-independent zero mode is normalizable, and thus it ig,, protons one naively gets a negligible escape réte:
localized at the brane. For fermions the presence difnen- ~mpP,P,Pq---, with P,y the escaping probability of

sions only rescale the normalization of the zero mode, so Wauark components.

can safely treat the problem as effectively five dimensional.” |, haqrons, confinement of color interactions may prevent
Following Ref. [9], we consider a massive fermiolh,  {he escape of a single colored comporid. It is believed
coupled to a domain wall background described by a scala,at que to confinement the color flux does not spread around
field, which in the thin wall approximation has the form 55 gravity and electromagnetism do. It rather forms flux
$(y)=v sgnfy). They coupling to¢ splits the chiral com-  hes connecting quarks that act as an unidimensional strong
ponents of the four-component fermion such that only one ofyractive force that grows with distance, in spite of the ori-

them gets Ioca_lized z_around the wall. Thus, in order 10 gIV&ntation of quarks on space. It is then natural to expect that
rise to a four-dimensional mass term we are forced to iNtrogglor will also be confined along the fifth dimension, thus

duce two five-dimensional four-component fermioig.and  making the trapping on the brane even stronger. This also
th2, which, will develop left and right localized modes, re- forhids processes that may induce proton decay, and the sud-
specfuvely. For simplicity one accommodates those f|.elds iRen creation of colored composed states from uncolored
an eight-component array of the forti=(41,¢2). With  gnes. This asymmetric nature between electrons and protons
this notation the respective action can be written[3sS  transjates into the only disappearance of electrons from the
= [d*xdy\g V(i y2Vy+ ¢+ uo,) ¥, where V, is the  brane, and induces an excess of chdigehe form of pro-
spinor covariant derivative with respect to the five-tong in any actual brane matter densiigtherwise neutral
dimensional metrig,, and o; are the Pauli matrices acting Notice, however, that if color were not confined on the bulk,
on they,, ¢, space. The general form of the Dirac equationa charge asymmetry will be generated any way due to the
in terms of chiral componentsl| g is then given by different chargemasg of electrons and quarks, but we will
ek|y|y“p#\IfL'Ri IsVWrL—(d(Y)o1+uoy)¥r =0. This  not discuss this case here. Next, let us confront this result
equation has a continuum of massive modHghat starts at  with some known current bounds that in turn will constrain
m=0, for mzzpﬂp“, and a localized massive modthat thev-M, parameter space.

has radiation boundary conditionsyat- = o) for which the Bounding the parameter spac€he first straightforward
mass eigenvalue is complemi=my+il’, where the physi- constraint comes from the bound on electron disappearance,
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electrons. Out of these initial 7, free electrons, some will
leak out from the brane, such that at the BBN era the remain-
ing 7gen=A7m exp(—T 7ggy) electrons will not balance
the charge equilibrium. The density of charged particles in
excess per photon would beAqgggn=(A 7/ 7,)(1
—e ! 788N)~10 10.T' 755y. A net charge density in the
early Universe would produce large scale relic electric fields.
Certainly in a truly homogeneous space the presence of a
uniform charge densitAgggy Cannot give rise to any field.
However, the early Universe was not really homogeneous,
otherwise not even structure formation could be possible.
> = > = P = 5 ) Indeed, thsere was a primordial inhomogeneity of order
Log(M/GeV) 5p/p~_ 10 ~. Such fields _mlght be the s_eeds for the obs_:erved
galactic and extragalactic magnetic fields, but we will not
FIG. 1. Allowed parameter space for brane world models. Theaddress this possibility here. These relic fields may also gen-
upper line stands fov =M, . The lower line is the limit imposed erate observable cosmic ray anisotropies. Current limits im-
by T, (continuous ling and gy (dashed ling The dotted line  pose the bound15] Aq=10°°. This gives, however, a
on the enlarged zone pictures a hypothetical future limit on electronveaker bound for the escape rate than the one already men-
disappearance of about £gr. tioned above. In fact one getd'=10 **GeV (7
=101 yr). A stringent bound is obtained from the effect of a
which is about7e . nothing™>4.2X 10?* yr [14]. This implies  background charged Universe on primordial helium produc-
that the escape rate of the electron should be tion [16], which givesAq=10"“3. That implies

NN N NN
S N KA O
T TV T T T

Log (vIGeV)

S N A O
T

I'<T oxp=1/Te .nothing=4-96X 10 > GeV. (1)
'<T'gg\=6.58x10 °8 GeV. 2

A second phenomenological constraint comes from the fact
that the fundamental scale is supposed to be the largest scale )
in the theory, and thus<M, . In Fig. 1 we have plotted the This also means an enhancement on the electron disappear-
curves that saturate both the bounds. The allowed region iince bound by a factor of seven. The curve on the parameter
the parameter space for any viable model lies between botfPace associated to the saturation of this last bound has been
the curves and well within the region wheke<v. In fact, a!so plotted on Fig. 1, though it does not affect the previous
the lower border can be described byphenomenological ~ Picture at all. _
power law relationship between and M, of the form: v Accumulation of charge on stellar objectShough the
~(M, /M)2M, >k. Hence, one concludes that all sce- charge asymmetry mduced by the Ie_akage of pharge m|gh_t be
narios wherek=v are excluded on the basis of current ex- 00 small as to be directly detected in terrestrial laboratories,
perimental bounds. it could be relevant in longevous astrophysical objects which

Future improvements on the present limits on electrorfOntain a large number of_particles. In order_to estimate this
disappearance would lift the lower border on Fig. 1. The@Symmetry for dense media one has to consider the presence
effect, however, may be very small even for substantial imf internal forces that keep those systems altogether in equi-
provements. For instance, an increment of nine orders dfbr!um in the empty interstellar space. The attractive inter-
magnitude on the bound, which would rendes . omin action that compensates f(_)r thg mtern'al pressure comes
>10% yr, would hardly change the allowed region in param-ma'”ly from_ the self-gr_awtatlonal interaction of the system.
eter space as is clear from Fig. 1, where the effect of thig his attractive force will also t_end to keep the pqrtlcles_ on
hypothetical bound is also depicted. thg branel, where the source is. From the f|ve-d|men3|0nal

Charge asymmetry at the BBN efla the early Universe, point of view the e_ffect of_these mternal_ forces WI|! be to
a primordial charge asymmetry can be induced out of thdocally lift the trapping barrier, thus e_ffectlvely rgducmg t.he
primordial matter-antimatter asymmetry. The point is that in€Scape rate. One can account for this effect by introducing a
a balanced Universe, where electrons and positrons are equilenomenological functionx(r), to locally measure the
in number, no charge asymmetry can be induced, since th@mount of time along which the particle behaves as effec-
escape rate has no dependence on the sign of the chargely free, and able to escape. Thus, one can write at zero
However, since there is in fact an initial matter to antimatterorder the particle density ag(r,t)~ n(r)e > I't. From
asymmetry per photon of ordér»yy, /7, ~ 107 1% some defi- this equation one notices that the quankiy has the physi-
cit of charge can indeed be generated. Though the aboweal meaning of being the effective escape rate, as modified
asymmetry is originally in the form of baryons, some pro-by the presence of interactions. Soplays the role of a
cessesas sphaleronsare expected to generate a similar lep-structure factor that encodes the internal forces of the me-
ton asymmetry. Thus, we would be looking into an initially dium at which the particle is subjected. Now, as the total
neutral Universe where most of the charged particles araumber of remaining electrons at any given time is given by
equilibrated by an antiparticle, except by a very little amountNg(t)=fdV #(r,t), and due to the smallness bf the in-
of protons, as much a&7,,, that are compensated only by duced charge asymmetry can be expressed in the form
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Np—Ne(t) Ne(t) — hole. Nevertheless, it is likely that even smaller valueg of

AQ(UEW=1— NL(0) % I't, (3)  could still render workable the quoted mechanism. In any
€ € case, the above condition translates into an effective charge

asymmetry per nucleon in the collapsing matté&rggy

~¢ 10 8 This value is at least two orders of magnitude

wherex indicates the volume average that becomes the
actual phenomenological parameter, yet to be calculated fosrmaller than the upper bound on E@), and thus, it can

realistic cases. It is expected that for m@sbt so dense indeed be provided by the charge leakage. Moreover, for
mediax~1, however, it may be important for tightly bound generating such an asymmetry, one concludes that the elec-
systems as neutron stars. tron has to disappear from the brane on a tirgevithin the

Let us now consider a typical star to estimate how muchrange 4.X 10°* yr<7,<2.08 ¢ 1x10?® yr. The allowed
of asymmetry it can accumulate along its lifg,, which  region in the parameter space that is consistent with these
may be almost as large as the age of the universe. Thubpunds is yet very narrow, thus pointing towards a very spe-
taking t, = 10'° yr into Eq. (3), combined with the bounds cific class of models. Indeed, even foga 10~ ° that gives

on Egs.(1) and(2), we get 7.=10% yr, one gets the same narrow strip already depicted
a6 in Fig. 1 within current and hypothetical future limits.
Aq(t,)=10""%10 " 4 SummarizingIn brane world models massive fundamen-

tal states become metastable with a nonzero probability for

escaping away into the bulk. Nevertheless, confinement of

ashyrr%metry bwoulfl) tgert1_e1|ate sma_lfl_l de;ec;romagnetmt f'eld%olor interactions will prevent the leakage of quarks, while
which can be substantially magnifi¢d7] by some astro- rotons have a negligible escape rate. Therefore, only elec-

physical prc;cesses, sucr; ?SI aﬁupernova tcore coIIapgte. T§8ns would be effectively missed, thus unbalancing the neu-
presence of a nonzero total chargé on stars progenitor Gy negs of prane matter densities. As a result, modest charge
supernovae .COUId give rise to other fundamental pheno.m.en&ymmetries can be generated on the early Universe and in
like the ulterior formation of charged black holes. The origin stellar objects, which may have observable effects. We con-
pf .charged BH.S has been a Iong-_sta.ndmg puzzle in .relat'vfronted this result with current bounds on electron disappear-
Istic a§trophy3|gs after .the .derlvatlon. of the Re'S'Sm.ar'ance and relic electric charge at the BBN era, and conse-
lglordstrcm Idsqlutu_)ndof hE'nSt‘T'nsk. equatlorr:s. .Thence,'dth|s uently we constrained the parameters of the brane world
rané-world-inspired charge-ieaking mechanism provides g,,qq| we have suggested the possibility that supernova col-
”at“r?" explanation for thelr origin upon stellar evolution of lapse of massive stars may indeed form charged black holes.
ma:sn_/et star?_, thus solving suchfan"etrr]:_gma. Id be th We have shown that the charge of such a black hole can be of

t'n In (fares Ing consgquegcsBo a Ils %Ou € tedg.enfhe right order as to trigger GRBs via vacuum polarization.
eration of gamma-ray burst 9 as already suggested in There is a nonzero parameter space consistent with this pic-

Ref.[12]. Howe\ﬁr, tthhe open p%'nth's whether pat[tlclte Iealf[- ure that also points towards an electron disappearance rate
age can account for the required charge asymmetry to switch s - from current experimental limits.

on such a process. The answer to this question appears to be

on the positive. According to Reff12], vacuum polarization We thank A. Mazumdar for useful conversations. The
occurring during the formation phase of a Reissnerwork of A.P.F. was supported by a grant from Conselho Na-
Nordstran black hole may generate GRBs, provided that thecional de Desenvolvimento Ciéfito e Tecnolgico, CNPq,
net charge-to-mass ratié= Q/(M \/G), be of the order 0.01 Brazil. H.J.M.C. thanks Fundac de Amparo @Pesquisa do

to 1. The limité=1 corresponds to a critical charged black Estado do Rio de Janei(GAPERJ for a grant-in-aid.
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